G-protein-gated inward rectifier K 1 (GIRK) channels allow neurotransmitters, through G-protein-coupled receptor stimulation, to control cellular electrical excitability. In cardiac and neuronal cells this control regulates heart rate and neural circuit activity, respectively. Here we present the 3.5 Å resolution crystal structure of the mammalian GIRK2 channel in complex with bc G-protein subunits, the central signalling complex that links G-protein-coupled receptor stimulation to K 1 channel activity. Short-range atomic and long-range electrostatic interactions stabilize four bc G-protein subunits at the interfaces between four K 1 channel subunits, inducing a pre-open state of the channel. The pre-open state exhibits a conformation that is intermediate between the closed conformation and the open conformation of the constitutively active mutant. The resultant structural picture is compatible with 'membrane delimited' activation of GIRK channels by G proteins and the characteristic burst kinetics of channel gating. The structures also permit a conceptual understanding of how the signalling lipid phosphatidylinositol-4,5-bisphosphate (PIP 2 ) and intracellular Na 1 ions participate in multi-ligand regulation of GIRK channels.
In 1921, Otto Loewi established the existence of chemical synaptic transmission by showing that vagus nerve stimulation slows the heart rate through release of a chemical substance he called vagusstoff 1, 2 .
Vagusstoff was later shown to be acetylcholine, the major neurotransmitter of the parasympathetic nervous system 2, 3 . Once released from the vagus nerve, acetylcholine binds to the M2 muscarinic receptor, a G-protein-coupled receptor (GPCR) in heart cell membranes, and causes the release of G-protein subunits Ga and Gbc from the receptor's intracellular surface 4 . The Gbc subunits activate GIRK channels, causing them to open [5] [6] [7] [8] [9] [10] . Open GIRK channels drive the membrane voltage towards the resting (Nernst K 1 ) potential, which slows the rate of membrane depolarization, as depicted ( Fig. 1a ). In atrial pacemaker cells of the heart, this directly decreases firing frequency and thus heart rate 11 . Isoforms of the GIRK channel also exist in neurons, which permit G-protein-mediated regulation of neuronal electrical excitability 12 .
For several decades, electrophysiological and biochemical methods have been applied to understand how G-protein subunits activate GIRK channels. Specific mutations on the Gbc subunit [13] [14] [15] [16] [17] and on the channel 18, 19 were shown to alter G-protein-mediated activation of GIRK channels. Biochemical and NMR studies identified components of both the G protein and channel that appear to interact with each other [20] [21] [22] . Together these studies point to a direct interaction between the G-protein subunits and the channel to achieve channel activation. Here we present the crystal structure of a GIRK channel bound to Gbc subunits, a key signalling complex in the G-protein-mediated control of electrical excitability.
GIRK2 activation by G-protein subunits
Our study addresses mouse GIRK2 (Kir3.2; inward rectifier K 1 channel (Kir)), a neuronal GIRK channel that is able to function as a tetramer of identical subunits 23 . Activation of GIRK2, which hereafter we refer to as GIRK, by GPCR stimulation is shown using an assay in which the M2 muscarinic GPCR is co-expressed together with GIRK channels in Xenopus laevis oocytes 24 (Fig. 1b, left) . Initial replacement of Na 1 by K 1 in the extracellular solution causes some current to flow into the oocyte, measured using two-electrode voltage clamp. When acetylcholine is then applied, a larger inward K 1 current is turned on. Inhibition of current by tertiapin-Q, a bee venom toxin derivative that is known to inhibit the GIRK channel but not endogenous oocyte channels, establishes the current as mediated by the GIRK channels, a fraction of which are active in the absence of acetylcholine 25 . The fraction of current activated by acetylcholine is variable, depending on the oocyte. Isolated membrane patches show the characteristic gating of single GIRK channels (Fig. 1b, right) . These channels display 'burst kinetics', during which time an activated channel flickers rapidly between conducting (open) and non-conducting (closed) states, a property we will consider later. These electrophysiological recordings and other functional studies were carried out with the same construct used for crystallization and structural analysis. Hereafter, we refer to this construct, which consists of residues 52-380, as the wild-type channel. We emphasize that removal of the disordered amino and carboxy termini does not appear to alter the functional properties of the channel in any of the electrophysiological and flux measurements we made.
All studies of G-protein-mediated GIRK channel activation to date have been carried out with native cells or with cell lines in which components were expressed heterologously (as in Fig. 1b ). Having obtained individual isolated components-the GIRK channel, Gbc subunits and the signalling lipid PIP 2 -we tested whether these alone (that is, in the absence of other cellular components) are sufficient to produce a competent signalling complex. Using a flux assay in which the isolated components are reconstituted into synthetic lipid vesicles, we find that they are indeed sufficient: baseline K 1 flux observed in the absence of Gbc is strongly enhanced in the presence of Gbc (Fig. 1c ). GIRK is also activated by intracellular Na 1 , which accounts for the greater flux observed in Na 1 than in N-methyl-D-glucamine (NMDG 1 ) (refs [26] [27] [28] [29] . However, even in the presence of Na 1 , Gbc still causes significant enhancement of flux. These measurements with purified, reconstituted components confirm the conclusion reached through electrophysiological studies, that Gbc in the presence of membranes containing PIP 2 is sufficient to increase the open probability of GIRK channels. These experiments do not exclude a possible role for the Ga subunit in regulating the GIRK channel or in conferring G-protein specificity, that is, explaining why GIRK normally is activated by Gbc subunits associated with 'inhibitory' Ga i/o subunits and not by Gbc subunits associated with stimulatory Ga s subunits 8 . Although many questions remain, these reconstitution experiments show that Gbc by itself is sufficient to activate the GIRK channel.
Role of membrane in complex formation
Efforts to purify a stable GIRK-Gbc protein complex in detergent solutions were unsuccessful. We therefore attempted to grow crystals of the complex in dodecylmaltoside by combining individually purified GIRK and Gbc proteins at a twofold to threefold molar excess of Gbc in the presence of a tenfold molar excess of PIP 2 . Crystals containing both GIRK and Gbc grew and diffracted to 3.5 Å resolution. These were of space group I422 with one GIRK monomer and one Gbc complex per asymmetric unit. Phases were solved by molecular replacement using previously determined structures of GIRK and Gbc as search models 30, 31 . A model of the complex was built and refined to working and free residuals, R w and R f , of 22.8% and 26.5%, respectively (Supplementary Table 1 ). The biological unit consists of one channel tetramer, four Gbc subunits, four PIP 2 molecules and four Na 1 ions bound to regulatory sites in addition to K 1 ions in the selectivity filter. Intracellular Na 1 , PIP 2 and Gbc are all physiological regulators of GIRK channel gating [5] [6] [7] [8] [26] [27] [28] [29] 32 .
The arrangement of protein molecules within the crystal lattice is notable in light of a functional phenomenon known as 'membrane delimited' activation of GIRK channels by G-protein stimulation ( Supplementary Fig. 1a, b ). Electrophysiological studies showed that on their way to reaching the channel, Gbc subunits behave as if to diffuse while attached to the membrane's cytoplasmic surface (that is, membrane delimited) [5] [6] [7] [8] [9] [10] . In the crystal we observe pseudo-membrane layers consisting of transmembrane channel domains (TMDs) and aqueous layers consisting of cytoplasmic channel domains (CTCDs) and Gbc subunits ( Supplementary Fig. 1a, b ). The Gbc subunits are oriented such that the C terminus of the Gc subunit, which contains a covalent lipid molecule, a geranylgeranyl group, is pointed directly at the membrane layer as if to function as an anchor ( Fig. 2a) 33, 34 . We note that a similar arrangement of the G-protein subunits was observed in the crystal of the b 2 -adrenergic GPCR in complex with the Gabc heterotrimer, which was determined in lipid cubic phases 35 . Thus, the GIRK-Gbc crystal is compatible with physiological membrane delimited Gbc activation of GIRK. We also note that our ability to achieve a complex in a crystal with membrane-like layers, but not in detergent solutions, implies that a membrane is important in the formation of the complex between GIRK and Gbc.
The protein complex
Two views of the GIRK channel show the gating regulators Na 1 , PIP 2 and Gbc subunits bound ( Fig. 2a, b ). On the extracellular side of the membrane, the channel's turrets, which surround the pore entryway, project approximately 10 Å beyond the membrane surface. Previously we speculated that GIRK channels are more susceptible to pore-blocking toxins than are some other Kir channels, because the turrets are more widely spaced in GIRK and thus allow toxins to access the pore 31 . The structure of the turrets in this crystal are better defined than in the previous GIRK structures 31 , and indeed support this hypothesis (Supplementary Fig. 2 ).
On the intracellular side, large CTCDs project beyond the membrane surface, approximately 50 Å into the cell (Fig. 2a ). These domains A closeup of one of the burst openings is shown beneath. c, Activation of purified GIRK channels reconstituted into lipid vesicles. Channel activity was monitored in the presence of either NMDG-Cl or NaCl using a fluorescence-based assay described in detail in the Methods section. Purified Gbc was added to some of the samples in either the NMDG-Cl or NaCl buffers, as indicated. The initiation of K 1 flux by the addition of the H 1 ionophore carbonyl cyanide m-chlorophenyl hydrazone (CCCP) is indicated. The addition of the K 1 ionophore valinomycin to measure total flux capacity of the vesicles is also indicated. The dashed lines represent the same experimental conditions, except that the vesicles do not contain any GIRK.
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provide an extensive surface through which molecules inside the cell can bind to regulate channel gating. The Gbc subunits interact directly with the CTCDs through Gb and to the membrane through the covalent lipid attached to Gc. Although we do not see the lipids in the crystal, the inferred covalent lipid interaction with the membrane is depicted. The entire GIRK channel-Gbc complex forms a 120 Å 3 120 Å square against the intracellular surface of the membrane (Fig. 2b) .
The contact surface between GIRK and Gb is approximately 700 Å 2 (Fig. 3a-c) . On GIRK the contact surface is formed by secondary structure elements bK, bL, bM and bN from one channel subunit and by elements bD and bE from an adjacent channel subunit (Fig. 3d ). The occurrence of the binding site at the interface between two channel subunits is likely to be important for mechanistic reasons, discussed below. On Gb the contact surface is formed by b-sheet elements that form blades 1 and 7 on one edge of the b-propeller ( Fig. 3c, e ).
We compared the contact surfaces observed in the crystal structure with inferences drawn using other biophysical methods. Transferred cross saturation and chemical shift perturbation NMR experiments have been used to identify amino acids on the GIRK CTCDs that interact with Gbc or change upon its binding 20 . These amino acids, coloured purple (and orange for L344), fall mainly within or near the perimeter of the surface on GIRK that contacts Gbc in the crystal structure ( Supplementary Fig. 3a ). Mutational studies also identified numerous amino acids that affect GIRK activation by G-protein stimulation [13] [14] [15] [16] [17] [18] [19] . These amino acids are coloured orange on the surface of GIRK and Gbc ( Supplementary Fig. 3a, b ). There are some outliers that may influence function indirectly or alternatively may disrupt protein structure, but most lie within or near the GIRK-Gbc contact surface. Thus, both NMR and mutagenesis studies lend support to a biologically relevant signalling complex formed in the crystal structure.
Molecular determinants of Gbc binding
All members of the Kir channel family share the same general molecular architecture, but, as far as we know, only the GIRKs (Kir3 proteins) are directly regulated by G-protein subunits 36 . Many amino acids that compose the Gbc binding surface on GIRK are also conserved among the G-protein-independent Kir channels, but a small set are unique to GIRK ( Supplementary Fig. 4 ). This unique set includes Gln 248 and Phe 254 on the bD-bE loop and the sequence Leu-Thr/Ser-Leu (342-344) on the bL-bM loop ( Fig. 3f ). Gln 248 forms contacts with Gln 75, Ser 98 and Trp 99 on the Gb subunit and mutations at Ser 98 and Trp 99 diminish Gbc activation of GIRK ( Fig. 3f-h) 13, 15 . The Leu-Thr/Ser-Leu sequence contacts Leu 55 and Lys 78 on Gb ( Fig. 3f , g, i). Mutations involving these residues also affect Gbc activation of GIRK 13 . Thus, we can begin to understand Gbc recognition in terms of shortrange interactions afforded by a relatively small set of residues on the surface of the GIRK channel to which the Gbc subunits bind.
Long-range electrostatic interactions between GIRK and Gbc also appear significant ( Fig. 4a, b ). Several acidic residues on the bL-bM loop of the GIRK CTCDs complement an electropositive swath on the binding surface of the Gb subunit ( Fig. 4a , b, d). By comparison, a G-protein-independent Kir channel contains several lysine amino acids on its bL-bM loop that render its surface potential less electronegative ( Fig. 4c, e ). Thus, electrostatic complementarity probably plays a role in binding affinity and specificity. In addition, by acting over longer distances, electrostatic forces are able to guide diffusing molecules into the formation of an encounter complex, where shortrange interactions are then able to take hold 37 . Such long-range guidance would seem to make sense here by directing the diffusion of Gbc to the K 1 channel once it is released from an activated GPCR.
Charged lipids on the membrane's inner leaflet dominate the electric field close to the membrane where G-protein signalling occurs 38 . With this in mind, Fig. 4f illustrates another potentially important role for electrostatic interactions between GIRK and Gbc. In the b 2 -adrenergic GPCR-Gabc complex, the Gbc subunits appear oriented to maximize positive protein charge contact with negative charges on the membrane surface 35 . In the GIRK-Gbc complex, although Gbc resides at the same level with respect to the plane of the membrane, it is tilted roughly 35u. The tilt should reduce favourable electrostatic interactions between Gbc and the membrane, but should produce new favourable interactions with GIRK to compensate. Thus, favourable electrostatic interactions between GIRK and Gbc may help to reorient Gbc with respect to the membrane. RESEARCH ARTICLE Supplementary Fig. 5 compares the different contact surfaces that Gbc uses to interact with other proteins, including Ga and four other effector and regulatory proteins, including GIRK. These comparisons support three conclusions. First, the b propeller of Gb creates a large sticky surface that enables a multitude of unique interactions. Second, the GIRK binding site on Gbc overlaps the Ga binding site. This observation, although anticipated, underscores the necessity of receptor activation and G-protein subunit dissociation (into Ga and Gbc) to achieve channel activation [4] [5] [6] [7] [8] . Third, the contact surface of RGS9 (Regulator of G protein signalling 9) on Gb 5 is essentially non-overlapping with that of GIRK on Gb 1 c 2 , although a conformational change would be required in RGS9 to allow it to bind to a GIRK-Gbc complex 39 . RGS9 in the nervous system suppresses the activity of opioid-and dopamine-mediated G-protein signalling [40] [41] [42] . Further studies will be needed to determine whether these signalling pathways intersect.
Gating control by Gbc
What does the complex structure tell us about the regulation of GIRK channel gating by the Gbc subunits? With the exception of the Cterminal half of Gc, which is displaced by a crystal contact, Gbc is structurally unchanged whether bound to Ga or to GIRK. The GIRK structure on the other hand is altered by the presence of Gbc. Most notably the CTCD is rotated about the channel axis 4u anticlockwise (viewed from the membrane) relative to the TMD (Fig. 5a, b and Supplementary Video 1). The CTCD rotation is associated with an unwrapping and splaying of the right-handed bundle of four inner helices that 
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form the closed 'inner helix gate' in the absence of Gbc. Four Phe 192 side chains on the inner helices come together to form the narrowest constriction in the closed inner helix gate. These phenylalanine side chains are partially disordered in the slightly splayed structure with Gbc subunits bound, however, the pathway seems too narrow to conduct hydrated K 1 ions: other clearly open K 1 channels, such as the Kv1.2 voltage-dependent K 1 channel, have a minimum diameter of 10 Å (distance between van der Waals surfaces), but in this structure of 
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GIRK2 it is only 6-7 Å [43] [44] [45] [46] . However, the single-channel recordings suggest perhaps we should not expect an open conformation in the crystal structure (Fig. 1b ). G-protein subunits are most probably bound to the GIRK channel during the duration of an activity burst; however, during the burst the channel flickers rapidly with a relatively low open probability. This might suggest that the GIRK structure we observe in the presence of Gbc, which adopts a distinctly different conformation than the structure without Gbc, represents a G-protein-activated, preopen conformation, corresponding to the channel part way along the reaction pathway from closed to open. In a previous study, we determined the crystal structure of a constitutivelyopen point mutant of the channel, GIRK(R201A), which is conductive in the absence of G-protein stimulation 31 . The mutant structure is indeed open, and its comparison to the wild-type channels in the absence and presence of Gbc is suggestive of a mechanism (Figs 5c-e and 6). In the mutant channel, the CTCD is rotated an additional 4u beyond the rotation caused by Gbc, and the CTCD subunits have undergone an internal conformational change associated with widening of the membrane-facing apex of the CTCD. This widening further opens the inner helix gate to a diameter of 9 Å . One caveat is that only two PIP 2 molecules are bound to the tetramer in the mutant channelto diagonally opposed subunits-so that opening is twofold rather than fourfold symmetric. Packing in the mutant crystal appears to have prevented the binding of PIP 2 molecules to all four subunits, which is observed in the wild-type structures 31 . We suspect that had four PIP 2 molecules bound to the mutant channel, then opening would be symmetric. Despite the asymmetry of GIRK(R201A), the conformation of GIRK in the Gbc complex is clearly intermediate between the closed (Gbc-free) and opened GIRK(R201A) structures. A morph between these conformations shows that binding of Gbc causes a 4u rotation of the CTCDs and a slight splaying of the inner helices. The GIRK(R201A) mutation produces a further 4u rotation, a conformational change within the CTCD subunits, and an opening of the inner helix gate (Supplementary Video 2). These conformations could account for the burst kinetic behaviour of single GIRK channels if binding of the Gbc subunits produces a pre-open conformation in the membrane, from which the channel flickers rapidly between open (conductive) and pre-open (nonconductive) conformations (Fig. 6 , highlighted pathway). This hypothesis would predict that the GIRK(R201A) mutant channels should exhibit a higher open probability. Unfortunately, due to reduced expression levels, we have been unable to characterize the single channel behaviour of this mutant in either X. laevis oocytes or Chinese hamster ovary cells.
Discussion
GIRK2 channels are regulated by PIP 2 , G-protein subunits and intracellular Na 1 ions [5] [6] [7] [8] [26] [27] [28] [29] 32 . We show in reconstitution experiments, using purified components, that these regulators individually activate the channel partially, and in combination activate it to a greater extent. We present a crystal structure of GIRK with all three regulators bound. Together with previously determined crystal structures of GIRK and an R201A mutant of GIRK, both determined in the presence and absence of PIP 2 , we have pieced together a structural description of conformational states that might underlie the sequential activation of GIRK channels (Fig. 6, highlighted Together the structures permit conceptual explanations for multiligand regulation. PIP 2 is required for full gate opening in the GIRK (R201A) mutant channel 31 . Thus, PIP 2 seems to play a facilitative role; under conditions that favour opening, PIP 2 helps, presumably by 
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strengthening the interface between the CTCD and TMD where PIP 2 is bound. The Na 1 ion is bound to the CTCD at a position that undergoes a conformational change when the channel opens. Thus, we should expect Na 1 binding to be thermodynamically coupled to channel gating, allowing Na 1 to function as a regulator. Concerning stoichiometry, we do not know how many Gbc subunits are required to open the GIRK channel, but based on the structure we are compelled to speculate. Gbc binding causes a rotation of the CTCD associated with splaying of the inner helices to open the gate. The rotation no doubt occurs because Gbc binds at the interface between two adjacent CTCD subunits, which produces detectable relative motions of the subunits, and inferred strain between them ( Fig. 5f and Supplementary Video 3) . This, we believe, is the source of the rotation. One Gbc subunit causing strain across one of four interfaces is probably not enough. Four is undoubtedly better. Can a single GPCR near a GIRK channel catalyse a sufficient number GDP to GTP exchange reactions and release Gbc subunits to activate the channel or do several GPCRs surround a GIRK channel, and if the latter, are GIRK channels and GPCRs randomly distributed or organized in a stoichiometric cluster or array? The GIRK-Gbc complex provides a starting point for addressing these questions.
METHODS SUMMARY
A truncated GIRK2 construct (containing residues 52-380) was expressed and purified from Pichia pastoris cells as previously described 31 , except that the detergent dodecyl-b-D-maltopyranoside (DDM) was used instead of decyl-b-Dmaltopyranoside (DM). Full-length human Gb 1 and Gc 2 were co-expressed in High Five insect cells, extracted with cholate, purified by Talon metal affinity chromatography in anzergent 3-12, and then further purified by ion exchange and size exclusion chromatography in CHAPS before adding 20% glycerol and freezing in liquid nitrogen. Aliquots were thawed as needed and the detergent was exchanged to DDM while bound to a HiTrap ion exchange column. Individually purified GIRK and Gbc were combined along with C8-PIP 2 at 200 mM, 400 mM and 2 mM respectively and allowed to incubate for 2 h at room temperature before proceeding with crystal trials. Crystals of the complex were grown by the hanging drop vapour diffusion method at 20u C using 600 mM NaK tartrate and 50 mM ADA pH 5.7-5.9 as the crystallization solution. Crystals were cryoprotected by briefly transferring to solutions containing 2.35-2.4 M NaK tartrate. The structure was solved by molecular replacement, using previously determined structures of both GIRK 31 and Gbc 30 as search models. The resulting model was improved by iterative rounds of refinement and manual adjustment. Electrophysiology recordings of GIRK channel function were performed by expressing GIRK in X. laevis oocytes and using two-electrode voltage clamp to measure whole cell currents, or on-cell patch clamp to measure single-channel activity. In vitro assessment of GIRK function was performed by reconstituting purified GIRK into lipid vesicles and then measuring GIRK activity under a variety of conditions using a fluorescence-based assay.
METHODS
Molecular Biology. A truncated GIRK2 construct (containing residues 52-380) was cloned into the pPICZ, or pGEM vectors for high-level expression or electrophysiology, respectively, as previously described 31 . The full-length human Gprotein b 1 and c 2 subunits were cloned into pFastbac vectors. The c 2 construct also included an N-terminal His10 tag, followed by a yellow fluorescent protein (YFP), and then a PreScission protease site (LEVLFQ/GP). Individual baculoviruses were made from these pFastbac vectors using the Bac-to-Bac system (Invitrogen). Protein expression and purification. GIRK2 was expressed in P. pastoris as previously described 31 . GIRK2 was extracted and purified from P. pastoris cells essentially as previously described 31 , with a few exceptions: Dodecyl-b-Dmaltopyranoside (DDM) was used in all steps instead of decyl-b-D-maltopyranoside (DM). DDM was used at 4% for extraction, 0.4% during the Talon purification, and 0.05% on the Superdex-200 column. 10 mM imidazole was included during the batch binding to the Talon resin. PreScission protease-cleaved protein was loaded onto the Superdex-200 column at a sufficiently high concentration such that the 1 ml peak was at least 1 mg ml 21 . This was done to reduce the final detergent concentration in the concentrated protein, which was necessary for growing large, thick crystals. The protein was concentrated to 30-40 mg ml 21 in a 50K MWCO, and was typically used immediately.
The G proteins were expressed in High Five insect cells (Invitrogen). High Five cells were grown at 27 uC in Express Five serum-free media (Invitrogen), supplemented with L-glutamine. The cells were grown to a density of 1-2 million cells per ml and then infected with a volume of baculovirus for each protein empirically determined to give optimal expression (,30 ml). After 48 h, the cells were harvested by centrifugation at 4,000g for 15 min. The cell pellets were resuspended in a small volume of the supernatant and this slurry was transferred to 50 ml conical tubes (approximately one litre of cells per 50 ml tube). After another centrifugation at 4,000g for 15 min, the supernatant was removed and the cell pellets (,15 ml) were frozen in liquid N 2 and then stored at 280 uC until needed.
A typical Gbc preparation involved purifying protein from 8 litres worth of cells. All procedures were performed at 4 uC unless indicated. Frozen cell pellets were added to 480 ml of room temperature buffer comprised of 50 mM HEPES, pH 8; 65 mM NaCl; 1 mM EDTA; 5 mM b-mercaptoethanol (bME) and protease inhibitors (0.1 mg ml 21 pepstatin, 1 mg ml 21 leupeptin, 1 mg ml 21 aprotinin, 0.1 mg ml 21 soy trypsin inhibitor, 1 mM benzamidine and 1 mM phenylmethylsulfonyl fluoride). This solution was stirred at room temperature in a stainless steel beaker until the pellets melted. Then the beaker was transferred to ice and the solution was sonicated for six times 1 min each using a probe sonicator (Branson), with a 1 min cool down in-between. The lysed cells were then spun at 35,000 g for 35 min to pellet the membranes. The supernatant was poured off and the pellets were each briefly rinsed with ,5 ml of 50 mM HEPES, pH 8; 50 mM NaCl; 0.1 mM MgCl 2 ; 5 mM bME and protease inhibitors. The pellets were then resuspended in the same buffer using a dounce homogenizer to a final volume of 350 ml. Na-cholate was added to a final concentration of 1.5%, and the solution was stirred for 40 min. The solubilized membranes were spun again at 35,000 g for 35 min to pellet insoluble material. The supernatant was diluted with two volumes of dilution buffer (20 mM HEPES, pH 8; 300 mM NaCl; 5 mM bME; 7.5 mM imidazole; 0.5% anzergent 3-12 (Anatrace) and protease inhibitors) and then added to 32 ml of Talon resin (Clontech) pre-equilibrated in dilution buffer. This suspension was stirred for 1 h, then spun at 1,000 g for 5 min. The resin was transferred to a column and washed with 4 column volumes (cv.) of 20 mM HEPES, pH 8; 300 mM NaCl; 5 mM bME; 5 mM imidazole and 0.5% anzergent 3-12; then, 4 cv. of 20 mM HEPES, pH 8; 50 mM NaCl; 5 mM bME; 10 mM imidazole and 0.5% anzergent 3-12. Then the protein was eluted from the column with 20 mM HEPES, pH 8; 40 mM NaCl; 5 mM bME; 200 mM imidazole and 0.5% anzergent 3-12. Dithiothreitol (DTT) and EDTA were added to 5 mM and 1 mM, respectively. PreScission protease was also added at 1:20 protease:total protein, and incubated overnight. The next day, an additional amount of Pre-Scission (1:40 protease:total protein) was added and incubated at room temperature for 2 h. This solution was then diluted down to a conductivity of ,5 mS cm 21 with 20 mM HEPES, pH 8; 5 mM bME; 1% anzergent 3-12. A white precipitate usually formed at this step, which was mostly comprised of contaminants. This was pelleted by a brief centrifugation, and the supernatant was further filtered through a 0.22mm filter before loading onto a Mono Q 16/10 column, equilibrated with buffer A (20 mM HEPES, pH 8; 40 mM NaCl; 5 mM bME and 0.7% 3-[(3-cholamidopropyl)dimethylammonio]-1-propane sulphonate/N,N-dimethyl-3-sulpho-N-[3-[[3a,5b, 7a,12a)-3,7,12-trihydroxy-24-oxocholan-24-yl]amino]propyl]-1-propanaminium hydroxide (CHAPS; Anatrace). The column was washed with 15 cv. buffer A, then the protein was eluted with a 50 cv. gradient from 0-20% buffer B (buffer A with 1 M NaCl). The Gbc protein eluted as a major peak as well as several minor peaks that were assumed to be unprenylated or differentially phosphorylated species.
The major peak was collected and concentrated in a 30K MWCO concentrator to at least 5 mg ml 21 . This was then run on a Superdex-200 column equilibrated in 20 mM Tris, pH 7.5; 100 mM KCl; 5 mM DTT; 0.7% CHAPS) in multiple runs of ,2.5 mg protein per run. This helped to remove trace smaller molecular weight Gbc protein, which was assumed to be an unprenylated species. Peak fractions were again concentrated in a 30K MWCO concentrator to ,10 mg ml 21 . Glycerol was added to 20% and the protein was frozen in liquid N 2 in 150 ml aliquots and stored at 280 uC until needed. Approximately 8-10 mg worth of these aliquots were thawed as needed and the detergent was then exchanged to DDM while bound to a 1 ml Q Sepharose column (HiTrap, GE Healthcare) at room temperature. This was done to ensure complete detergent exchange as well as to get a high protein concentration without a high detergent concentration, which was necessary for growing large, thick crystals. DDM (anagrade) was added to 1% final from a 10% stock. This was then slowly diluted with two volumes of 20 mM Tris, pH 7.5; 5 mM DTT and 0.05% DDM, and then loaded onto the HiTrap column equilibrated with buffer C (20 mM Tris, pH 7.5; 30 mM KCl; 5 mM DTT and 0.05% DDM). The column was washed with 25 ml buffer C, then 3 ml 10% buffer D (buffer C with 300 mM KCl), 3 ml 20% buffer D, 9 ml 30% buffer D, then the protein was eluted with 100% buffer D. The middle of this elution peak yielded about 0.75 ml of 8-10 mg ml 21 . This was then further concentrated in a 30K MWCO concentrator. After one centrifugation spin of the concentrator, the protein was diluted with the appropriate volume of 20 mM Tris, 5 mM DTT, including an appropriate concentration of EDTA to bring the KCl concentration down to 150 mM and the EDTA concentration up to 1 mM. The protein was then further concentrated to 40-50 mg ml 21 and stored on ice until needed. Crystallization. A typical crystallization experiment involved mixing concentrated GIRK2, Gbc, and 1,2-dioctanoyl-sn-glycero-3-phospho-(1'-myo-inositol-4',59bisphosphate) (C8-PIP 2 , Avanti Polar Lipids) at a final concentration of 200 mM, 400 mM, and 2 mM, respectively. The mixture was incubated at room temperature for at least 2 h before mixing 1:1 (0.2 ml 1 0.2 ml) with the crystallization solution (600 mM NaK tartrate, 50 mM Na-ADA (N-(2-acetamido)iminodiacetic acid) pH 5.7-5.9). The crystals were grown at 20 uC using the hanging drop vapour diffusion method. The crystals appeared after a few days and grew as thin square plates or plate clusters to full size within a week. The crystals were cryoprotected by first adding 1 ml of a solution containing 20 mM Tris, pH 7.5; 150 mM KCl; 1 mM EDTA; 0.5% DDM; 1 mM DTT; 720 mM NaK tartrate; 50 mM Na-ADA, pH 5.7 and 1 mM C8-PIP 2 directly to the drop. Crystals were gently broken off of the clusters and then briefly transferred to a new solution containing 20 mM Tris, pH 7.5; 0.5% DDM; 1 mM DTT; 50 mM Na-ADA, pH 5.7; 1 mM C8-PIP 2 and 2.35-2.4 M NaK tartrate, depending on the crystal size. The crystals were then flashfrozen in liquid N 2 . Structure determination. Diffraction data were collected at the Advanced Photon Source 23ID-B beamline (l 5 1.033 Å ). Diffraction images were processed with the HKL2000 program suite 48 . The crystals diffracted anisotropically (3.45 3 3.45 3 3.8 Å along the a*, b*, and c* axes, respectively), so integrated diffraction data were truncated to these diffraction limits using a script available from the UCLA Diffraction Anisotropy Server 49 . The crystals were highly sensitive to radiation damage, so data from three sites on one crystal and one site on another crystal were scaled together in HKL2000 to form the most complete data set. R merge and R pim diffraction data statistics were calculated using the RMERGE program 50 .
The structure was solved with Phaser 51 by sequentially searching for a GIRK2 monomer (PDB: 3SYA) and then a Gb 1 c 2 dimer (PDB: 1GP2, chains B and G). Initial rigid-body refinement of the molecular replacement solution with REFMAC 52, 53 identified the twist between the cytoplasmic and transmembrane domains of GIRK2. The model was then further modified in Coot 54 and refined with REFMAC, using jelly-body restraints. The translation/libration/screw (TLS) refinement in REFMAC was used in the final rounds of refinement.
Because of the poor quality of electron density in the K 1 selectivity filter, distance restraints were used during refinement between the K 1 ions in the selectivity filter to constrain their positions based on known properties from high-resolution K 1 channel structures. In the final stages of refinement, a strong electron density feature near the interfacial helix of the channel was modelled as a DDM maltose headgroup with a five-carbon aliphatic chain. This was based on bilobal shape of the density, the location of this density at the presumed boundary of the DDM micelle, and the presence of $ 15 mM DDM in the crystallization condition. PIP 2 and Na 1 ligands were carried over from the original search model and their presence was confirmed using simulated annealing omit maps ( Supplementary Fig. 6a, b) .
Comprehensive model validation was performed with MolProbity 55 (as embedded within PHENIX 56 ), with 94.5/5.5% of residues falling within the favoured and allowed region of the Ramachandran plot, respectively. Simulated annealing omit maps were calculated using PHENIX. Data collection and refinement statistics are shown in Supplementary Table 1 . All figures were made using PyMOL (http:// www.pymol.org). Videos were made in PyMOL using intermediate structures
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